Phenol and its derivatives are considered as priority pollutants in the US EPA list [23] because they have potentials as toxic, carcinogenic, mutagenic, and teratogenic agents [4] . Soil contamination with phenols is closely related to various industrial activities such as coal conversion processes, petroleum refineries, and manufacturing of phenolic petrochemicals [4, 19] . Hence, numerous studies on the biological treatment of phenol have been conducted over the last few decades [2] , and they have been the focus of extensive research in environmental engineering, and bioremediation has been recognized as an economical approach [13] .
Biological treatments are generally preferred owing to their lower operation costs and the possibility of complete mineralization than physical methods such as solvent extraction, adsorption, chemical oxidation, and incineration [1] . Specifically, soil microorganisms are widely used in studies on the degradation of phenol and its derivatives because they are able to metabolize that by common metabolic pathways [14, 22] . However, the major problem of phenol degradation by microorganisms is that some intermediates (i.e., catechol) converted from phenol are observed to have a higher toxicity effect to the bacterial cells rather than phenol [20] .
Corynebacterium glutamicum, a Gram-positive soil bacterium, is able to utilize phenol as carbon energy [15, 18] . Qi et al. [15] described the metabolic pathway for phenol degradation in C. glutamicum and its examination by proteomic and molecular methods. A previous study reported a novel process for the production of useful amino acids, such as glutamate and proline, coinciding with the degradation of phenol in C. glutamicum [10] . This integrated metabolic pathway was based on the concept that intermediates (i.e., acetyl-CoA and succinyl-CoA) resulting from phenol degradation enhance the center pathway for energy metabolism, the tricarboxylic acid (TCA) cycle [15] . In particular, it was revealed that two regulatory proteins, ArgR and FarR, induce metabolic flux to amino acid biosynthesis derived from the TCA cycle in the presence of phenol in C. glutamicum [10, 12] . Therefore, the main advantages of using C. glutamicum include excretion of basic amino acids into the extracellular phase as well as reduction of phenol concentration by its own metabolic pathways [5, [10] [11] [12] . It is generally known that amino acids in soil affect to increase the chlorophyll content, antioxidative enzymes activities, and essential microelement uptake and transport in plants (e.g., tomato seedlings) [24] . Moreover, recent work has shown that efficient biodegradation of phenol in soil environments was achieved with C. glutamicum [10] .
In the present study, the phenol biodegradation and soil amino acid composition were examined in C. glutamicumtreated soils. As mentioned before, toxicity from phenol and its intermediate should be removed to recover the contaminated soils. For this, the study was conducted on the growth variation in plants, such as lettuce and oat, both to evaluate the removal of hazardous phenol and to determine how the restoration of phenol-contaminated soil by C. glutamicum treatment increases various amino acids levels. 
MATERIALS AND METHODS

Microorganism
Soil Remediation
The ability of C. glutamicum to remediate the phenol-contaminated soil sample was investigated by carrying out the biodegradation experiment in soil for 4 days under indoor laboratory conditions. A bulk soil outside of the rhizosphere was collected at the location of a field margin near Songcheon River in Jeonju, South Korea. The soil was completely sterilized in an autoclave at 121 o C and 103.4 Pa for 30 min. Then 100 ml of 4.2 mM phenol solution (> 99.5% purity, Sigma-Aldrich) was mixed with the sterilized soil (100 g), and the mixed samples were layered in a glass column-type reactor (0.5 L; 9.5 cm diameter) that was capped with a stainless steel closure.
To the mixture, 1 ml of 10% yeast extract solution was added and then 1 ml of C. glutamicum solution (7.4 log10 CFU/ml) was inoculated and incubated for 4 days at 30 o C, 150 rpm in a rotary shaker [10] . Each experiment was performed in triplicate. To determine biodegradation, the soil-phase phenol concentrations were analyzed at 0, 2, and 4 days.
Extraction and Determination of Residual Phenol in Soil
Triplicate soil samples (~1 g wet soil) from each container were mixed thoroughly with 1 ml of ethyl acetate, and the residual phenol was extracted. The organic phase extractions were combined and dried with anhydrous sodium sulfate. To evaluate the residual toxicity, we recovered the aqueous phase from the soil after 4 days of treatment with C. glutamicum.
The amount of residual phenol in the soil samples was determined by gas chromatography (GC) using an Acme 6000 GC (Young Lin Instrument Co., Ltd., Korea) equipped with an HP-5ms capillary column (Agilent Technologies Inc., USA) and a flame ionization 
Determination of Amino Acids Contents in Soil
High-performance liquid chromatography (HPLC, Waters Alliance 2690 Analytical HPLC system) was used to determine the amino acid content of the soil. The system was equipped with a Nova-Pak C 14 column and a Waters 747 scanning fluorescence detector (Waters Co., USA). All the results represent the data from at least three independent experiments and include a mean value.
Acute Toxicity Test Using Daphnia magna
The 24 h acute toxicity tests using D. magna were performed according to US EPA protocols [10] . All tests were conducted at 20 ± 1 o C, in a 16:8 h (light:dark) photoperiod cycle. Test vessels consisted of a 60 ml glass beaker with 50 ml of test solutions eluted from phenol-contaminated soils and 5 to 8 D. magna neonates. All experiments were performed in triplicate. Control solutions were composed of reconstituted water equal to the volume used in the highest test concentration plus distilled water, summing to a total volume of 50 ml. Neonates, from females aged 2-to 5-weeks-old, were removed from the Daphnia culture vessels less than 24 h after culturing and were randomly transferred to test vessels containing of 1 ml Daphnia reconstituted water [10] using a clean glass pipet. Following 24 h exposure, the neonates were examined and determined as alive or dead (determined by lack of movement of the body, appendages, and heart through a microscope) [10] . The concentration lethal to 50% of the D. magna (LC 50 ) was computed by evaluating the mortality percentage as a ratio of aqueous soil extract concentration.
Seed Germination/Root Elongation Test
The seed germination and root elongation toxicity test was performed according to US EPA protocols [18] , as modified by Chang et al.
[3]. The silica sand (20 meshes) was used as a diluent in the doseresponse test. In this test, the phenol-contaminated soil samples were mixed with silica sand at dilutions of 0, 10%, 25%, or 50%. For example, 50% soil means that 1 g of phenol-contaminated soil is mixed with 1 g of silica sand. Each dilution was tested in triplicate in glass Petri dishes. One species of dicotyledon, lettuce (Lactuca sativa), and one species of monocotyledon, oats (Avena sativa), were studied using seeds purchased from a local supplier. For each dish, 10 seeds were placed on top of the test soil mixture. All dishes were incubated at room temperature with a 16:8 h light/dark cycle. At the end of 3 days, the number of germinated seeds was determined, and the total root length was measured.
RESULTS AND DISCUSSION
Biodegradation of Phenol-Contaminated Soil After 4 days of incubation, the remaining phenol amounts were measured in 4.2 mM phenol-spiked soil samples. The recovery rate of phenol was determined initially by GC analysis; the average rate of phenol recovery was 83.6 ± 5.1%. In this study, four individual experiments were performed to degrade phenol in soil samples, as shown in Fig. 1 . In the two control samples (i.e., no microorganism or supplements), phenol degradation was not observed
